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We report on the study of the intensities of several gamma lines emitted after the inelastic scatter- 
ing of neutrons in 56 Fe. Neutrons were produced by cosmic muons passing the 20t massive iron cube 
placed at the Earth's surface and used as a passive shield for the HPGe detector. Relative intensities 
of detected gamma lines are compared with the results collected in the same iron shield by the use 
of 252 Cf neutrons. Assessment against the published data from neutron scattering experiments at 
energies up to 14 MeV is also provided. 
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I. INTRODUCTION 



The possible exploration of chemical composition of 
planets and extraterrestrial materials [l| by analysis of 
gamma spectra emitted from the surface, renewed the in- 
terest for gamma ray production cross sections in stable 
nuclei The energy level structure of the stable 56 Fe 

has been studied extensively in the past via inelastic neu- 
tron scattering (INS) [4l4l0l|. and pertinent cross sections 
for the gamma ray production exist [8|, LUJ] - However, sec- 
ondary neutrons produced by primary cosmic rays have 
much higher energies compared to reactor ones and cross 
sections for gamma ray production by the use of neu- 
trons with energies up to 150 MeV were studied recently 

mm- 

Despite 56 Fe(n, n'7) nuclear reaction being well- 
explored, few publications [HI, [l5| report on relative in- 
tensities of gamma lines induced by INS on 56 Fe nu- 
clei. Pre- World War II iron is widely used as a pas- 
sive shield and 846.8 keV gamma line, induced by inelas- 
tic scattering of neutrons produced by cosmic muons, is 
a well-known feature in background spectra jl6]. Even 
though detailed knowledge of all possible sources of radi- 
ation could be of crucial importance in numerous low- 
background experiments, the gamma radiation due to 
excitation of 56 Fe nuclei by inelastic scattering of muon- 
produced neutrons received little attention. 

Reliable experimental studies 0, [llj of cross sections 
for 56 Fe(n, n'7) reaction have indicated that detected in- 
tensities of gamma lines depend on incident neutron en- 
ergy, and it is to be expected that the same holds for 
relative intensities. Indeed, for incident neutron ener- 
gies between 6.3 MeV and 14.2 MeV, relative intensity of 
1238.3 keV gamma line changes by almost 80% (T3, fl5j. 
There are several muon-stimulated mechanisms of neu- 
tron production with significant contributions to the 
background [l7|: muon capture, muon-induced spalla- 
tion reactions, muon-induced hadrons cascades, and pho- 



tonuclear reactions (high energy photons from a muon- 
induced electromagnetic cascade). At the Earth's surface 
and shallow depths, the dominant neutron production 
mode is negative muon capture. This process occurs by 
stopping muons and plays a significant role [18[ because 
the mean energy of surface muons is about 4 GeV. On 
the other hand, the energies of neutrons emitted after 
muon capture do not exceed several MeV 19]. High en- 
ergy muons, also present at Earth's surface in much lower 
arrival numbers, penetrate to the larger depths. It has 
been demonstrated through several background measure- 
ments in underground laboratories [171, |l8|, l20j that the 
hard muon component may create neutrons with energies 
up to several hundred MeV. 

The goal of this paper is to identify characteristic 56 Fe 
gamma lines in background spectra registered by a iron- 
shielded HPGe detector. The relative intensities of mea- 
sured gamma transitions are assessed against published 
results on the same gamma transitions detected in neu- 
tron beam scattering experiments. We use 252 Cf source 
to get the qualitative information about the average en- 
ergy of muon-created neutrons in the iron shield and to 
infer relative intensities of gamma lines associated with 
scattering of muon-induced neutrons and fission neu- 
trons. 



II. EXPERIMENTAL SETUP 

The HPGe detector used in experiments is located 
in the low-background laboratory of the Department of 
Physics in Novi Sad (80 m amsl). The detector is placed 
inside a cube chamber made of pre- World War II iron 
with a useful cube-shaped inner volume of lm 3 . Iron 
walls are 25 cm thick and the total mass of the shield 
is about 20 tons. No other passive shields were used 
throughout the measurements. The distance between the 
top of the iron shield and 30 cm thick concrete roof con- 
struction is about 3 m. Iron chamber is placed on con- 
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crete base over 2 m away from walls made of bricks and 
wood. Relative efficiency of HPGe detector is 25% with 
the active detection volume of Ge crystal being located in 
the center of the inner volume of the iron cube chamber. 
The integral background count rate for energies ranging 
from 20 keV to 2 MeV was about 1 count per second. 

To get experimental evidence about relative intensities 
of gamma lines following de-excitation of 56 Fe nuclei af- 
ter inelastic scattering of fission neutrons, 252 Cf source 
(having stable neutron emission rate of 4.5 • 10 3 s _1 into 
4ir sr) was placed at several different positions inside the 
iron chamber. To attenuate gamma radiation originating 
from 252 Cf fission products accumulated in source, solid 
angle of detector as seen from the californium source was 
screened by a layer of iron. Measurements were done 
with uncovered 252 Cf source, as well as with the source 
packed in 2 cm of paraffin. 



III. MEASUREMENTS AND RESULTS 

In order to explore the gamma radiation produced by 
the interaction of neutrons with surrounding iron, long 
time spectra was obtained by the summing a number of 
background spectra, thus amounting to a total observa- 
tion time of 5.1 • 10 6 s. The strongest gamma transition 
in Fig. Q] is due to 846.8 keV background line with the 
measured intensity of 1.16(8) • 10 _3 s _1 . Intensities of the 
remaining three gamma lines in Fig. Q] have been nor- 
malized to that of 846.8 keV line and are summarized in 
Table HI Variations in detection efficiency, due to differ- 
ent penetration abilities of gamma photons in iron and 
detector itself, were accounted for at each observed en- 
ergy with the help of GEANT4 simulations [2l|. In the 
first approximation, it was considered that gamma pho- 
tons are emitted uniformly from a complete volume of the 
iron shield. However, simulations also take into account 
attenuation of the emitted radiation originating from the 
part of the iron shield that is shaded by the Dewar vessel. 

It is interesting to note that 56 Fe(4 + ,2 + 7) gamma 
transition in Fig. Q] occurs at energy that coincides with 
the background line of 214 Bi ( 238 U series member) at 
1238.1 keV. Hence, intensity of 56 Fe 1238.3 keV gamma 
line was inferred by proper decoupling and subtraction 
of 214 Bi contribution. Namely, nine 214 Bi gamma lines 
in the energy interval between 609.3 keV and 1764.6 keV 
were used for proper efficiency calibration of our detec- 
tor and for deconvolution of the 1238.1 keV 214 Bi portion 
from the nearby 56 Fe 1238.3 keV line profile. We further 
note that isolated 56 Fe 1810.8 keV gamma line appeared 
relatively weak in background spectra, whereas another 
line of interest at 1037.9 keV remained absent. It is the 
flat part of the background spectra at the place of the 
missing 1037.9 keV gamma line that was used in resolv- 
ing the upper limit for its intensity reported in Table |U 



TABLE I: Relative intensities (in %) of gamma transitions 
depopulating excited states in 56 Fe. Gamma lines were de- 
tected both in the background and by the use of californium 
source (see text for details). 
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56 Mn decay 


E 7 (keV) 
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252 Cfinair 252 


Cf in paraffin 




1037.9 


< 1.4 


< 0.2 


< 0.9 


0.040 


1238.3 


8(6) 


9.3(7) 


7(3) 


0.10 


1810.8 


11(7) 


6.1(14) 


5(3) 


27.7 



chamber. Namely, two types of additional measurements 
were performed: one with uncovered californium source 
and the other with the source enclosed in 2 cm thick 
paraffin container. Paraffin moderator was used primar- 
ily to reduce the mean energy of fission neutrons emitted 
by 252 Cf. The outcome of these measurements showed 
that relative intensities of 56 Fe gamma lines originating 
after inelastic neutron scattering do not depend on 252 Cf 
source position in the chamber. Characteristic times of 
both measurements were about 6 ■ 10 s. In this relatively 
short period of time, intensities of background 214 Bi lines 
were much lower than the intensity of lines emitted from 
56 Fe excited nuclei and there was no need to subtract 
a possible contribution due to 1238.1 keV background 
line. Relative intensities of all three gamma lines of in- 
terest obtained in these measurements are also presented 
in Table [T] Due to slow-down of neutrons in the paraffin, 
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Similar procedure was repeated in the case of spec- 
tra recorded with 252 Cf source located inside of the iron 



FIG. 1: Part of the energy level scheme of 56 Fe with gamma- 
ray lines investigated in this work. 
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intensities of the observed gamma lines became signifi- 
cantly lower, however, relative intensities remained sim- 
ilar to those obtained with uncovered 252 Cf source. 

Figure [5] juxtaposes the relative intensities of 
1037.9 kcV, 1238.3 keV, and 1810.8 keV gamma lines 
measured in our iron shield with those from neutron 
beam experiments. The solid squares denote results of 
relative intensities of gamma lines obtained in the stan- 
dard neutron beam experiments. Data for 6.3 MeV and 
7.3 MeV neutrons were published by Lachkar et al [15 ] 
and 14.2 MeV data are due to Xiamin et al [l5j]. Our re- 
sult acquired by the use of uncovered californium source 
is also given in Fig. [2] at the adopted mean energy of 
2.3 MeV for 252 Cf fission neutrons. The solid horizontal 
lines in Fig. [2] represent the values of the relative intensi- 
ties of gamma lines measured in the background spectra 
whereas the dashed lines denote a Ter uncertainty corri- 
dor. Another possible source of gamma radiation emitted 
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FIG. 2: Relative intensities of gamma lines detected both in 
the background spectra and the spectra measured by the use 
of 252 Cf source. Results of pertinent gamma transitions ob- 
tained in neutron beam measurements at 6.3 MeV, 7.3 MeV, 
and 14.2 MeV [13, [3 are shown in solid squares (see text for 
details). 

from the excited 56 Fe nucleus is the 56 Fe(/i, ^) 56 Mn reac- 
tion where muon capture occurs without the emission of 
neutrons. Heisinger et al 22[ estimated that about 15.7% 



of the overall number of muon captures in iron take place 
through this channel. The product of the muon capture, 
56 Mn, decays to the 56 Fe and we report the relative in- 
tensities of three gamma lines of interest in the last col- 
umn of Table HI Very weak 1238.3 keV gamma radiation 
emitted in the decay of 56 Mn suggests that almost all 
1238.3 keV photons come from INS at 56 Fe nuclei. Rel- 
atively strong gamma line of 1810.8 keV is emitted in 
decay of 56 Mn and it is possible that both processes, in- 
elastic neutron scattering and decay of 56 Mn, contribute 
jointly to the total count rate under 1810.8 keV gamma 
peak in the background spectra. The evidence about 
possible 56 Mn involvement in measured gamma lines in 
the background spectra can be obtained by analysis of its 
high energy part. One of the strongest gamma lines in de- 
cay scheme of 56 Mn has 14.3% intensity and comes from 
the 2113.2 keV transition depopulating the 2959.9 keV 
level. 

The neutrons created by cosmic muons have insuffi- 
cient energy to excite the 3122.9 keV level in 56 Fe, and 
1037.9 keV gamma line remains unobserved in the back- 
ground spectra. One can draw similar conclusion for 
radiative depopulation of nearby 2959.9 keV level (not 
shown in Fig. [2J . Recent measurements by Castaneda et 
al [13J showed that cross sections for neutron induced 
1037.9 keV and 2113.2 keV gamma ray production from 
iron have similar values in broad energy range. The cross 
sections for both transitions appear much lower com- 
pared to the cross section for production of 846.8 keV 
gamma transition. For example, the cross section for 
846.8 keV gamma transition at the neutron energy of 
6.5 MeV is almost fifty times larger than the cross section 
for the 1037.3 keV and the 2113.2 keV transitions. In this 
case, the 2113.2 keV gamma line in the background spec- 
tra should originate from the decay of 56 Mn alone. Unfor- 
tunately, the upper limit of the background spectra used 
in this study was 2 MeV. Thus, we had new background 
data accumulated in the extended range of energies with 
an upper limit slightly over the 208 T1 2614.5 keV gamma 
line, used here to calibrate the high-energy part of spec- 
trum. However, this new spectra accrued for 1.04 • 10 6 s 
also contained no gamma lines at 2113.2 keV. Flat part of 
continuum, at the place where the 2113.2 keV gamma line 
should have appeared, can serve as an estimate of possi- 
ble influence that 56 Mn decay may exert on the overall 
intensity of the 846.8 keV 56 Fe gamma line. 



IV. DISCUSSION AND CONCLUSIONS 

Our measurements show that inelastic scattering of 
neutrons produced by cosmic muons in 56 Fe can create 
only three gamma lines: relatively strong 846.8 keV and 
pair of weak ones, 1238.3 keV and 1810.8 keV. Muon- 
induced neutrons, as well as fission neutrons, do not pro- 
duce 1037.9 keV gamma line as this transition de-excites 
poorly populated 3122.9 keV level. Both types of neu- 
trons, fission as well as cosmic, possess continuous energy 
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distribution. Absence of 1037.9 keV gamma line, both in 
the background spectra and the spectra collected by the 
use of californium source, clearly suggest that number of 
neutrons in the high-energy tail above the 3122.9 keV 
of both energy distributions is insufficient to produce a 
measurable number of 1037.9 keV photons. Contrary to 
our findings, the previously published results shown in 
Fig. [5] and obtained by the use of beams of neutrons at 
6.3 MeV, 7.3 MeV, and 14.2 MeV detected up to 10% 
relative intensity for 1037.9 keV gamma line. 

Data presented in Fig. [5] for 1238.3 keV gamma line 
show an apparent increase of relative intensities with dif- 
ferent neutron energies between 6.3 MeV and 14.2 MeV, 
a trend that can be explained in terms of results reported 
by Savin et al [ll[ . Namely, the cross section for emission 
of 846.8 keV normalization line increases at energies be- 
low 3.5 MeV and remains independent of neutron energy 
at the higher incident energies. On the other hand, cross 
section for emission of 1238.3 keV photons uniformly in- 
creases with the energy of incident neutrons. The energy 
threshold for emission of 846.8 keV gamma photons is 
significantly lower than energy threshold for 1238.3 keV 
line. Hence, relative intensity of 1238.3 keV gamma line 
measured in the background spectra (incapable of excit- 
ing 3122.9 keV level) should be lower than relative inten- 
sity measured with neutrons having energies of 6.3 MeV 
and higher. Results presented in Fig. [5] support this ar- 
gument. 

Relative intensities of 1810.8 keV gamma line show just 
opposite tendency from 1238.3 keV case, as can be seen 
in Fig. [21 It can be explained once again in terms of ex- 



perimental results of Savin et al [ll| : the cross section 
for production of 1810.8 keV photons has maximum at 
about 4 MeV and at higher neutron energies uniformly 
decreases. Unfortunately, in the background spectra of 
the present study 1810.8 keV gamma line appears very 
weak and relative intensities were determined with large 
statistical uncertainties. Obtained values for relative in- 
tensity of 1238.3 keV gamma line, measured both in the 
background spectra and the spectra induced by a cali- 
fornium source, are mutually compatible; in both spectra 
the 1037.9 keV gamma line is missing and relative inten- 
sities of 1810.8 keV gamma lines appear consistent within 
error margins. Comparing the results of Mannhart [23[ 
and Schroder et al one finds that both fission neu- 
trons and muon-induced neutrons obey similar energy 
distributions. Further on, compatibility of our measured 
neutron energy spectra obtained with and without 252 Cf 
source suggest that the dominant mechanism for neutron 
production at the Earth's surface is due to muon-capture. 
To get better experimental evidence about possible influ- 
ence of 56 Mn decay on intensities of gamma lines emit- 
ted after neutron scattering in natural iron, intensity of 
2113.2 keV gamma line should be acquired in long-time 
background spectra. 
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